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To better understand the ecology of the poultry gastrointestinal (GI) microbiome and 
its interactions with the host, we compared GI bacterial communities by sample type 
(fecal or cecal), time (1, 3, and 6  weeks posthatch), and experimental pen (1, 2, 3, 
or 4), and measured cecal mRNA transcription of the cytokines IL18, IL1β, and IL6, 
IL10, and TGF-β4. The microbiome was characterized by sequencing of 16S rRNA gene 
amplicons, and cytokine gene expression was measured by a panel of quantitative-PCR 
assays targeting mRNAs. Significant differences were observed in the microbiome by 
GI location (fecal versus cecal) and bird age as determined by permutational MANOVA 
and UniFrac phylogenetic hypothesis tests. At 1-week posthatch, bacterial genera 
significantly over-represented in fecal versus cecal samples included Gallibacterium and 
Lactobacillus, while the genus Bacteroides was significantly more abundant in the cecum. 
By 6-week posthatch, Clostridium and Caloramator (also a Clostridiales) sequence types 
had increased significantly in the cecum and Lactobacillus remained over-represented in 
fecal samples. In the ceca, the relative abundance of sequences classified as Clostridium 
increased by ca. 10-fold each sampling period from 0.1% at 1 week to 1% at 3 week 
and 18% at 6 week. Increasing community complexity through time were observed in 
increased taxonomic richness and diversity. IL18 and IL1β significantly (p < 0.05, pairwise 
t-tests) increased to maximum mean expression levels 1.5 fold greater at week 3 than 
1, while IL6 significantly decreased to 0.8- and 0.5-fold expression at 3- and 6-week 
posthatch, respectively relative to week 1. Transcription of pro-inflammatory cytokines 
was generally negatively correlated with the relative abundance of various members of 
the phylum Firmicutes and positively correlated with Proteobacteria. Correlations of the 
microbiome with specific cytokine mRNA transcription highlight the importance of the GI 
microbiome for bird health and productivity and may be a successful high-throughput 
strategy to identify bacterial taxa with specific immune-modulatory properties.
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inTrODUcTiOn
Poultry are naturally adapted to hosting a complex gastrointestinal 
(GI) microbial community with hundreds of bacterial species and 
up to 1011 CFU per gram of gut contents (1). Benefits conferred by 
this microbial community (the GI microbiome) include promot-
ing beneficial development of the intestinal mucus layer, epithelial 
monolayer, and lamina propria (2, 3), excluding pathogenic taxa 
(4), breaking down polysaccharides (5, 6), providing energy as 
amino acids and short chain fatty acids (7, 8), and promoting 
proper development and homeostasis of the immune system (9).
However, until relatively recently, many important aspects of 
the basic ecology of the poultry GI microbiome have remained 
hidden in a sort of black box due to technical limitations. With 
the use of high-throughput sequencing, we have begun to open 
this black box with important insights into the taxonomic 
(10–16) and genomic (6, 17–19) composition of the poultry GI 
microbiome as summarized in several recent reviews (9, 20–22). 
From this growing body of knowledge, an important common 
finding has emerged detailing highly significant successional 
changes in the GI microbiome as birds mature. For example, 
in the chicken ceca, taxonomic richness and diversity typically 
increase from day of hatch to market age of commercial broilers 
at 6 weeks as a community develops comprised almost exclusively 
of bacteria belonging to the phylum Firmicutes (15). Enough data 
are now available to also compare communities sampled from 
different anatomical regions of the GI tract. For example, relative 
to cecal communities, fecal samples typically contain higher rela-
tive proportions and absolute abundance of bacteria belonging to 
the Enterobacteriales and Lactobacillales (9, 16, 20–22). Proper 
understanding of temporal and spatial changes in the chicken GI 
microbiome is critically important for designing probiotic sup-
plements, monitoring gut health, and choosing sample types to 
assess feed additive effects or pathogen shedding.
The establishment of a normal microbiota constitutes a key 
component of gut health, through colonization resistance mecha-
nisms, and has implications for proper development of the gut 
and full maturation of the mucosal immune system (9, 23). The 
communication between the microbiota and the immune system 
is principally mediated by interaction between microbes and 
pattern recognition receptors (PRRs) expressed by the intestinal 
epithelium and various local antigen-presenting cells, resulting 
in activation or modulation of both innate and adaptive immune 
responses (23, 24). The composition of the GI microbiota is known 
to affect many host functions including nutrient utilization, gut 
epithelium feeding, and the development and activity of the 
gut immune system (25). The interaction between the immune 
system of the gut and commensal microbiota in chickens starts 
immediately after hatching and leads to a low-level of inflam-
mation characterized by an increased cytokine and chemokine 
expression as well as a number of immune-associated proteins 
(24, 26). As a result, there is an infiltration of heterophils and 
lymphocytes into the lamina propria or the gut epithelium and 
normalization of the gut immune system (27, 28). However, to 
date, there has been no attempt to show an association between 
the development of specific commensals in the chicken gut 
with either the development of an efficient mucosal immune 
response or the development of immune homeostasis. The 
studies described here are the first attempt to bring insights into 
interactions between the commensal microbiota and the expres-
sion of regulatory cytokines in the chicken cecum over time by 
identifying specific taxa significantly correlated with cytokine 
gene expression.
In this work, we combine high-throughput sequencing of 
broad-range 16S rRNA gene amplicons with quantitative-PCR of 
cytokine gene expression to document differences in the GI micro-
biome according to sample type (fecal versus cecal) in the maturing 
bird and examine correlations between specific taxa and measures 
of cytokine gene expression. To our knowledge, paired cecal and 
fecal samples from individual birds have not been compared with 
modern sequencing and phylogenetic methods nor have specific 
bacterial taxonomic groups been correlated with cytokine mRNA 
transcription in local tissue in developing broilers.
MaTerials anD MeThODs
experimental Design
At hatch, non-vaccinated broiler chicks with identical genetic 
backgrounds were obtained from a commercial breeder and 
placed into four floor pens. The birds were fed a balanced, unmedi-
cated corn, soybean meal-based starter (0–14  days), grower 
(15–30  days), and finisher (31–42  days) diet. At each of three 
time points, fecal samples were collected from a total of 20 birds 
(five from each of the four pens) that were then euthanized and 
intestinal samples collected via necropsy. Intestinal mucosal and 
luminal samples were collected from the cecum. Fecal contents 
and intestinal samples were stored aseptically at −20°C. Time 
points sampled followed changes in diet from starter to grower 
feed, and grower to finisher feed. The experiment concluded at 
day 42. These samples are referred to as weeks 1, 3, and 6.
Experiments were conducted according to the regulations 
established by the U.S. Department of Agriculture Animal Care 
and Use Committee (ACUC # 2015003). Chicks were placed in 
floor pens containing clean wood shavings, provided supplemen-
tal heat, water, and a balanced, unmedicated corn and soybean 
meal-based chick starter diet ad libitum that met or exceeded the 
levels of critical nutrients recommended by the National Research 
Council (29). Salmonella was not detected in the feed or from the 
paper tray liners using standard analytical procedures (30).
sample collection for mrna
Chickens from each experimental group were euthanized at weeks 
1, 3, and 6. A 25-mg piece of tissue was removed from the cecal 
tonsils and was washed in PBS, placed in a 2-ml microcentrifuge 
tube with 1 ml of RNAlater (Qiagen, Inc., Valencia, CA, USA), 
and stored at −20°C until processed.
rna isolation
Cecal tissues (25 mg) were removed from RNAlater and trans-
ferred to pre-filled 2-ml tube containing Triple-Pure™ 1.5-mm 
zirconium beads. RLT lysis buffer (600 μl) from the RNeasy mini kit 
(Qiagen) was added, and the tissue was homogenized for 1–2 min 
at 4,000 rpm in a Bead Bug microtube homogenizer (Benchmark 
TaBle 1 | real-time quantitative rT-Pcr probes and primers for pro- and 
anti-inflammatory cytokines.
rna 
target
Probe/primer sequence accession 
numbera
28S Probe 5′-(FAM)-AGGACCGCTACGGACCTCCACCA 
-(TAMRA)-3′
X59733
Fb 5′-GGCGAAGCCAGAGGAAACT-3′
Rc 5′-GACGACCGATTGCACGTC-3′
IL-1β Probe 5′-(FAM)-
CCACACTGCAGCTGGAGGAAGCC-
(TAMRA)-3′
AJ245728
F 5′-GCTCTACATGTCGTGTGTGATGAG-3′
R 5′-TGTCGATGTCCCGCATGA-3′
IL-6 Probe 5′-(FAM)-
AGGAGAAATGCCTGACGAAGCTCTCCA-
(TAMRA)-3′
AJ250838
F 5′-GCTCGCCGGCTTCGA-3′
R 5′-GGTAGGTCTGAAAGGCGAACAG-3′
IL-18 Probe 5′-(FAM)-CCGCGCCTTCAAGCAGGGATG-
(TAMRA)-3′
AJ416937
F 5′-AGGTGAAATCTGGCAGTGGAAT-3′
R 5′-ACCTGGACGCTGAATGCAA-3′
IL-10 Probe 5′ (FAM)-CGACGATGCGGCGCTGTCA-
(TAMRA)-3′
AJ621735
F 5′-CATGCTGCTGGGCCTGAA-3′
R 5′-CGTCTCCTTGATCTGCTTGATG-3′
TGF-β4 Probe 5′-(FAM)-
ACCCAAAGGTTATATGGCCAACTTCTGCAT-
(TAMRA)-3′
M31160
F 5′-AGGATCTGCAGTGGAAGTGGAT-3′ 
R 5′-CCCCGGGGTTGTGTGTTGGT-3′
aGenomic DNA sequence.
bForward.
cReverse.
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Scientific, Inc., Edison, NJ, USA). Total RNA was extracted from 
the homogenized lysates according to the manufacturer’s instruc-
tions, eluted with 50 μl RNase-free water, and stored at −80°C 
until qRT-PCR analyses were performed. RNA was quantified 
and the quality evaluated using a spectrophotometer (NanoDrop 
Products, Wilmington, DE, USA).
Quantitative real-Time Pcr
Primer and probe sets for the cytokines and 28S rRNA were 
designed using the Primer Express Software program (Applied 
Biosystems, Foster City, CA, USA) as previously described 
and validated (31–33) and listed in Table 1. The qRT-PCR was 
performed using the TaqMan fast universal PCR master mix and 
one-step RT-PCR master mix reagents (Applied Biosystems). 
Amplification and detection of specific products were performed 
using the Applied Biosystems 7500 Fast real-time PCR system 
as described previously (25, 26) with the following cycle profile: 
one cycle of 48°C for 30  min and 95°C for 20  s and 40 cycles 
of 95°C for 3 s and 60°C for 30 s. Quantification was based on 
the increased fluorescence detected by the 7500 Fast sequence 
detection system due to hydrolysis of the target-specific probes by 
the 5′-nuclease activity of the rTth DNA polymerase during PCR 
amplification. Normalization was carried out using 28S rRNA 
as a normalizer gene. To correct for differences in RNA levels 
between samples within the experiment, the correction factor for 
each sample was calculated by dividing the mean threshold cycle 
(CT) value for 28S rRNA-specific product for each sample by the 
overall mean CT value for the 28S rRNA-specific product from all 
samples. The corrected cytokine mean was calculated as follows: 
average of each replicate × cytokine slope/28S slope × 28S correc-
tion factor. The data shown are corrected 40 Ct values.
16s rrna sequencing and Data analysis
DNA was extracted from cecal samples using the MoBio 
UltraClean Soil DNA extraction kit and DNA quality and 
concentration checked by spectrophotometry (NanoDrop 
Products, Wilmington, DE, USA). PCR and pyrosequencing of 
the V1–V3 regions of 16S rRNA genes were performed using 
tagged amplicon methods with Roche 454 Titanium chemistry at 
Research and Testing Laboratory (Lubbock, TX, USA) as previ-
ously described (15, 34, 35). Following sequencing, sequences 
were de-multiplexed and preprocessed with the Galaxy toolkit 
(36) and custom Perl, R, and shell scripts (37); additional quality 
controls according to standard protocols (38) were completed 
by trimming tag sequences, screening for presence of the for-
ward PCR primer sequence, and removing sequences with any 
ambiguous base calls. Based on expected amplicon sizes and 
frequency distributions of sequence lengths in v115 of the Silva 
reference database, sequences were further limited to a range of 
325–425  bp. Putative chimeric sequences were identified with 
usearch (39) and ChimeraSlayer in mothur (40).
Taxonomic classifications of sequences were performed in two 
ways. First with the RDP naive Bayesian classifier (41) v2.6 and 
second with usearch with the global alignment option (39) using 
the EMBL taxonomy from v115 of the Silva project curated seed 
database (42). To assess phylotype richness (number of taxa) and 
diversity [number of taxa weighted by relative abundance per the 
Shannon diversity index (43)] independent of taxonomic classifi-
cations, sequences, which passed all the screens described above 
were grouped into similarity clusters (operational taxonomic 
units; OTUs) using similarity cutoffs of 90, 95, and 97% with 
uclust (39). The output from usearch provided the inputs for our 
own customized analysis pipeline to parse the clustering results 
and produce graphical and statistical summaries of the data for 
the desired sampling units using perl and R (44) as previously 
described (35, 37). Clustering of communities was performed 
using the CCA function of the vegan package (45) in R based on 
OTU and taxonomic classifications.
The relative effects of GI location (fecal versus cecal samples) 
and time (number of days posthatch) versus experimental treat-
ment (and their interactive effects) on microbial communities 
was determined by a permutational multivariate analysis of vari-
ance (MANOVA) using the adonis function of the vegan package 
in R. Either OTU or taxonomic classifications of sequences from 
each bird were used to partition sums of squared deviations 
from centroids in a distance matrix to determine how variation 
was explained by experimental treatments or uncontrolled 
covariates (46). Unifrac (47) implemented in mother (40) was 
used to compare the phylogenetic distribution of sequences for 
each bird by comparing phylogenetic branch lengths shared or 
unique to each sample type of the experimentally derived tree 
FigUre 1 | Phylogenetic clustering of cecal versus fecal bacterial communities from birds at 1 week of age (n = 18). Each circle represents a 
phylogenetic tree of cecal and fecal samples taken from a single bird. For each bird, 250 sequences were randomly sampled from each sample type, phylogenies 
constructed in ARB, and unique versus shared branch lengths compared using Unifrac as described in the methods section. All comparisons were highly significant 
(p < 0.0001; indicative of phylogenetic clustering) except for bird 4_5 shown in the lower right (p = 0.054). Results for weeks 3 and 6 showed similar results. 
Comparisons of genera significantly over-represented in fecal samples relative to cecal samples showed Lactobacillus and Gallibacterium were the most abundant 
while the genera Bacteroides, Pseudoflavonifractor, Oscillibacter, Flavonifractor, and Subdoligranulum were significantly more abundant in the ceca than in feces.
TaBle 2 | Permutational anOVa results partitioning effects of bird age 
and sample type (cecal or fecal) on microbial community composition as 
calculated at a 95% OTU cutoff as described in the text.
Degrees of 
freedom
sums of 
squares
Mean 
squares
F Pr (>F)
Age 2 8.53 4.26 20.91 <0.0001
Sample type 1 3.14 3.14 15.39 <0.0001
Age:type 2 1.40 0.70 3.45 <0.0001
Residuals 110 22.43 0.20
Total 115 35.51
February 2016 | Volume 3 | Article 114
Oakley and Kogut Cecal Microbiome Cytokine Correlations
Frontiers in Veterinary Science | www.frontiersin.org
to a null distribution of samples randomly shuffled within the 
same tree.
To compare cytokine gene expression among and between 
time points, ANOVA and post  hoc pairwise t-tests were per-
formed. To search for taxa with significant positive or negative 
correlations with cytokine gene expression, slices of the dataset 
were taken to generate Pearson correlation coefficients and lin-
ear regression models for the relative abundance of each taxon 
versus cytokine expression values for a given bird at a given time 
point. All phyla and genera were compared against each cytokine 
expression profile for each time point; cutoffs of Pearson correla-
tion coefficients >0.4 and r2 values >0.3 were chosen based on 
empirical testing.
resUlTs
spatial Differences in Microbiome
Significant differences were observed in the microbiome depend-
ing on sampling location (fecal versus cecal) and bird age (1, 3, 
or 6  weeks of age) using a variety of metrics. First, we used a 
variety of taxonomic classifications (e.g., phylum or genus-level 
classifications with the Silva or RDP taxonomy) or taxonomic-
independent classifications (binning sequences into sequence-
similarity groups or operational taxonomic units; OTUs) to 
partition variance of distance matrices by sample location and 
bird age. For all classification approaches, both sampling location 
and bird age (and their interactive effects) were highly significant 
explanatory variables (Table 2).
Next, to further test the hypothesis that different sets of 
bacteria are found in fecal versus cecal samples, we compared 
the phylogenetic distribution of sequences for each bird using 
the unifrac statistic (47) as described in the Section “Materials 
and Methods.” Beginning at 1  week of age, the phylogenetic 
distributions of sequences from fecal versus cecal samples were 
highly significantly different (Figure 1). Of the 20 birds sampled 
at 1 week of age, 18 birds had sufficient sequence data from both 
fecal and cecal samples to make this phylogenetic comparison 
FigUre 2 | clustering of cecal [(a), n = 59] and fecal [(B), n = 57] communities by bird age (weeks 1, 3, 6) or pen (1, 2, 3, 4). Each point represents the 
community from a single bird using 95% OTU classifications as described in the text. Clustering and environmental fitting of bird age was performed with the cca 
function in R; labels indicate the centroids of each bird age with vectors indicating the direction and magnitude of influence of the bird age relative to the axes.
TaBle 3 | Permutational anOVa results partitioning effects of bird age 
and experimental pen on microbial community composition as calculated 
at a 95% OTU cutoff as described in the text for cecal samples.
Degrees of 
freedom
sums of 
squares
Mean 
squares
F Pr (>F)
Age 2 6.38 3.19 29.51 0.0001
Pen 3 0.50 0.17 1.53 0.0963
Age:pen 6 1.04 0.17 1.60 0.0410
Residuals 47 5.08 0.11
Total 58 13.00
TaBle 4 | Permutational anOVa results partitioning effects of bird age 
and experimental pen on microbial community composition as calculated 
at a 95% OTU cutoff as described in the text for fecal samples.
Degrees of 
freedom
sums of 
squares
Mean 
squares
F Pr (>F)
Age 2 3.31 1.66 5.95 0.001
Pen 3 1.02 0.34 1.23 0.204
Age:pen 6 2.12 0.35 1.27 0.124
Residuals 45 12.54 0.27
Total 56 19.00
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and only one bird had marginally (p = 0.05) different communi-
ties in fecal versus cecal samples while all other comparisons were 
highly significant (p < 0.0001; Figure 1). For each of the two other 
time points (3 and 6 weeks of age), the results were essentially 
identical with only one non-significant difference (p = 0.09) for 
one 6-week-old bird (data not shown). Bacteria inhabiting the 
ceca are clearly very different than those collected from fecal 
droppings excreted through the cloaca.
Several genera were identified with significantly different 
representations in fecal versus cecal samples using metastats (data 
not shown). At 1 week posthatch, two bacterial genera were sig-
nificantly over-represented in fecal samples relative to cecal sam-
ples, Lactobacillus and Gallibacterium, present at 15- and 5-fold 
greater relative abundance respectively. In the ceca, the genera 
Bacteroides, Pseudoflavonifractor, Oscillibacter, Flavonifractor, 
and Subdoligranulum (the latter four all in the Clostridiales fam-
ily) were significantly more abundant (2.5- to 3.5-fold) than in 
fecal samples. By 6-week posthatch, Clostridium and Caloramator 
(also a Clostridiales) sequence types had increased significantly 
in the cecum and Lactobacillus remained over-represented in 
fecal samples.
Temporal changes in Microbiome
Next, to assess how the microbial communities in the ceca 
and feces change through time during the 6  weeks of growth 
to market age, we first clustered sequences with an ordination 
approach (correspondence analysis; cca) as described in Section 
“Materials and Methods.” Because of the significant differences in 
the cecal versus fecal communities shown above, we performed 
these analyses separately for each sample type. For the cecal 
communities, the samples were clearly clustered according to 
bird age (Figure 2A) while the communities in the fecal samples 
were more variable with age-related differences less obvious 
(Figure  2B). Permutational ANOVA of the distance matrices 
used for these ordinations showed that bird age was a significant 
explanatory variable for the variance of both cecal and fecal 
communities while experimental pen had non-significant effects 
(Tables 3 and 4).
At a phylum level, clear changes could be seen in the micro-
bial communities as the birds aged (Figure 3). At 1 week of age, 
Bacteroides were common in the ceca, ranging from 5 to 40% 
relative abundance (Figure 3A). In the feces, Bacteroides were less 
common and abundant with only 6/19 birds having >10% relative 
abundance of Bacteroides (Figure 3B). More than half of the birds 
had at least 10% Proteobacteria, with a maximum exceeding 80% 
in one bird (Figure 3B). By 3 weeks of age, the same two birds 
had >20% Bacteroides in the cecal and fecal communities, but in 
all other samples, Firmicutes exceeded 80% relative abundance 
(Figure 3).
Significant changes through time for both cecal and fecal 
communities were also observed in richness and diversity 
indices (Figure 4). At a 95% OTU level (roughly equivalent to 
a genus-level classification) there was a significant increase in 
both richness and diversity in 6-week-old birds compared to 
FigUre 4 | richness (a) and diversity (B) measures for cecal (n = 59) and fecal (n = 57) samples. Both metrics were calculated from 95% OTU cutoffs as 
described in the text. Significant differences (pairwise t-tests) were observed between cecal and fecal richness at 3 weeks and cecal versus fecal diversity at 1 week. 
Both richness and diversity were significantly higher at week 6 than weeks 3 or 1.
FigUre 3 | Phylogenetic classification of sequences from cecal [(a), n = 59] and fecal [(B), n = 57] samples from each bird at the phylum level. 
Classifications were performed with the RDP taxonomy and naïve Bayesian classifier as described in the text.
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3- or 1-week-old birds (Figure 4). At each age, fecal and cecal 
samples had generally comparable richness and diversity (despite 
some significant differences in cecal richness at 3 weeks and fecal 
diversity at 1 week). Interestingly, inter-bird variability for both 
richness and diversity metrics was greater for fecal than cecal 
samples (Figure 4).
Temporal changes in cytokine expression
Expression of the pro-inflammatory cytokine IL1β increased 
significantly from weeks 1 to 3 and then decreased significantly 
from weeks 3 to 6 (Figure  5A). IL6 expression was highest at 
week 1 and decreased significantly thereafter at weeks 3 and 6 
(Figure 5B). The expression pattern of the Th1 cytokine IL18 was 
FigUre 5 | changes in cytokine expression through time for il1β (a), il6(B), il18(c), TgF-β4 (D), and il10 (e).
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similar to that of IL1β with an increase from weeks 1 to 3 followed 
by a significant decrease from weeks 3 to 6 (Figure 5C). TGF-β4 
expression was almost unchanged through the experiment with 
a small increase from weeks 1 to 3 (Figure 5D). Changes in IL10 
expression through time were qualitatively similar to IL18 and 
IL1β with a maximum at week 3 (Figure 5E).
correlations of specific Taxa with 
cytokine expression
To search for correlations between specific taxonomic groups 
and expression of the five cytokines we measured, we first con-
sidered taxa at the phylum level. A data mining approach to the 
microbiome and cytokine data sets as described in the Section 
“Materials and Methods” revealed several correlations at this 
level (Figure 6). Because of the significant changes in commu-
nity structure that occurred through time, each time point was 
considered separately. The relative abundance of Proteobacteria 
was positively correlated with the expression of IL1β, IL6, and 
IL18 at 6 weeks of age (Figures 6A,B,D). Firmicute relative abun-
dance was negatively correlated with IL6 expression at 6 weeks 
(Figure 6B), IL18 expression at 1 week (Figure 6C), and TGF-β4 
expression at 1 week (Figure 6E). Firmicute relative abundance was 
positively correlated with IL10 expression at week 3 (Figure 6F). 
The relative abundance of Bacteroidetes was positively correlated 
with TGF-β4 expression at 1  week (Figure  6E) and negatively 
correlated with IL10 expression at week 3 (Figure 6F).
At the genus level, all taxa that passed our correlation screens 
belonged to the Clostridiales family within the phylum Firmicutes. 
Faecalibacterium was negatively correlated with IL1β, IL18, TGF-β4, 
and IL10 at 1 week of age (Figure 7). The genus Clostridium was nega-
tively correlated with IL1β and IL6 at week 6 (Figure 7). Ruminococcus 
was positively correlated with IL1β and IL6 expression at week 6 
FigUre 6 | il1β week 6 (a), il6 week 6 (B), il18 week 1 (c), il18 week 6 (D), TgF-β4 week 1 (e), il10 week 3 (F).
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(Figure 7). Calorameter was also negatively correlated with IL6 at week 
6 (Figure 7C) and positively correlated with TGF-β4 expression at 
week 6 (Figure 7F). The genus Butyricicoccus was positively correlated 
with IL10 expression at both 1 and 3 weeks (Figures 7G,H).
DiscUssiOn
The differences documented here between fecal and cecal samples 
and changes in both sample types as birds mature provide important 
data about the community composition of each sample type at 
specific points in the maturation of commercial broiler chickens. 
Our results highlight the importance of comparing communities 
using multiple levels of phylogenetic resolution. For example, the 
significant increase in richness and diversity at 6 weeks at a 95% 
OTU level was not apparent in the phylum-level classifications that 
were almost exclusively Firmicutes after week 1. Interestingly, the 
increase in richness and diversity between weeks 3 and 6 must there-
fore reflect diversification within the Firmicutes. Over 115 genera 
present at week 6 were absent in week 3, but these were all present 
only at very low abundance – only one genus [Allisonella, a Firmicute 
known to produce histamine from using histidine as a sole energy 
source (48)] comprised >0.5% average relative abundance in the 
FigUre 7 | il1β week 1 (a), il1β week 6 (B), il6 week 6 (c), il18 week 1 (D), TgF-β4 week 1 (e), TgF-β4 week 6 (F), il10 week 1 (g), il10 week 3 (h).
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week 6 birds. Genera significantly more abundant at week 3 versus 
1 were Caloramator, Peptostreptococcus, Clostridium, Butyrivibrio, 
Faecalibacterium, and Oscillibacter. The relative abundance of these 
genera increased from 2- to 127-fold between weeks 1 and 3.
This latter genus, Oscillibacter was the most abundant member 
of the week 6 community (42% average relative abundance). 
Interestingly, Oscillibacter belongs to Clostridium cluster IV that 
produces valerate as an end product of fermentation and has been 
identified as a “healthy biomarker” in a study of human patients with 
Crohn’s disease (49) but also significantly associated with diet-induced 
obesity (50). It is now well established that various Firmicutes such 
as Faecalibacterium and Subdoligranulum are numerically abundant 
and proportionally dominant in the chicken cecum (51).
Phylogenetic comparisons of sequences between paired cecal 
and fecal samples from individual birds illustrated the significant 
differences between these two sample types. While specialization 
of microbial communities associated with anatomical region 
and physiological function of the chicken GI tract has long been 
noted (52), the data shown here give important new details about 
the magnitude and nature of these phylogenetic differences. As 
an anatomical chamber gated by the ileocecal valve, the cecum 
harbors a distinct and relatively homogeneous microbial com-
munity mediating anaerobic fermentations of cellulose and 
other substrates. In contrast, the material we collected as fecal 
droppings is by nature more variable after transit through the 
colorectum, reflecting the different environments of the GI tract, 
likely in different ways for each dropping. For example, the mix-
ing of nitrogenous liquid waste with feces in the urodeum prior 
to excretion almost certainly influences the microbial community 
via changes in pH, etc. The differences in microbial community 
composition between fecal and cecal samples we observed within 
individual birds has important implications for food safety, ani-
mal health and nutrition or related research – collecting only one 
sample type will not give a representative picture of the GI tract 
and may miss pathogens or mischaracterize effects of a treatment 
on the community.
Correlations of the relative abundance of bacterial taxa 
with cytokine gene expression revealed some important asso-
ciations. In all cases, Proteobacteria were correlated with a 
pro-inflammatory response, most strongly with IL6 expression 
at 6 weeks of age. Many human and animal pathogens such as 
E. coli, Shigella, Salmonella, and Klebsiella are Proteobacteria 
with well-established pro-inflammatory mechanisms. In our 
data, no genera within the Proteobacteria were significantly 
correlated with cytokine expression, but the most abundant 
genera within the group of Proteobacteria positively correlated 
with IL6 expression were sequences classified as Escherichia/
Shigella, Parasutterella, and Vampirovibrio. This latter genus 
has an uncertain taxonomic classification and has recently 
been proposed as a Cyanobacterium with an Agrobacterium 
tumefaciens-like conjugative type IV secretion system (53). 
Many of our sequence reads classified as Vampirovibrio by 
the RDP classifier were designated by the Silva taxonomy as 
Brevundimonas, an organism not known to be pathogenic but 
resistant to fluoroquinolones (54).
Inverse relationships between Firmicute relative abundance and 
expression of pro-inflammatory cytokines (e.g., IL6, IL18) suggest 
a potential for inflammatory modulation by certain Firmicute 
taxa. In particular, the genus Faecalibacterium was inversely 
correlated with the expression of the classical pro-inflammatory 
cytokine IL1β and IL18. This genus has been noted repeatedly 
in human microbiome studies  –  for example, reductions in F. 
prausnitzii have been linked to Crohn’s Disease, perhaps due to 
metabolites secreted by the bacterium blocking NF-Kβ activation 
and IL8 production (55). Several other Firmicute genera such as 
Caloramator were negatively correlated with pro-inflammatory 
(IL6) and positively correlated with anti-inflammatory (TGF-β4) 
cytokine expression, consistent with a growing body of evidence 
demonstrating positive influences of Firmicutes on gut health. 
However, it is important to keep in mind the diversity represented 
within a single bacterial phylum, as several Firmicute genera 
were positively correlated with expression of pro-inflammatory 
cytokines (Figure 7).
Harnessing the ability of the microbiome to affect host 
immunity would be an important immunotherapeutic alterna-
tive to antibiotic strategies currently used in poultry to improve 
performance and exclude pathogens. The work presented here 
is the first to try to identify commensals in poultry that are 
associated with immunomodulatory effects as has been previ-
ously done in mammalian systems (56–61). Further research 
is needed to ascertain whether the commensal taxa identified 
in this study as associated with cytokine signaling are actually 
immunomodulatory. However, the possibility to use organisms 
that are members of the commensal microbiota as immu-
nomodulators is intriguing.
Though our data do not reveal mechanisms by which the 
taxa we identified may interact with the cecal cytokine signaling 
pathways, the “data mining” approach presented here may be 
particularly useful as a first step in screening complex communi-
ties for taxa with desirable (and undesirable) immunomodula-
tory properties. This may be particularly useful when testing the 
effects of feed additives or designing probiotic formulations.
In future studies, we anticipate high-throughput sequencing 
and associated bioinformatics approaches will continue to pro-
vide new insights into the structure and function of chicken GI 
microbial communities. The approach we took here was based 
on sequencing of 16S rRNA genes, but metagenomic studies of 
gene content (17, 18, 62) and transcriptomic studies of microbial 
gene expression will continue to offer additional insights into 
genetic potential and activity. We anticipate these approaches 
will become standard tools for assessing the impact of feed 
additives or probiotics on the chicken GI microbiome and host 
responses.
aUThOr cOnTriBUTiOns
BO analyzed data and wrote the ms, MK designed experiments, 
analyzed data, and wrote the ms.
FUnDing
Partial funding for this project was provided by the US Poultry and 
Egg Foundation and research funds from the Western University 
of Health Sciences College of Veterinary Medicine.
February 2016 | Volume 3 | Article 1111
Oakley and Kogut Cecal Microbiome Cytokine Correlations
Frontiers in Veterinary Science | www.frontiersin.org
reFerences
1. Barnes EM. Intestinal microflora of poultry and game birds during life and 
after storage. J Appl Bacteriol (1979) 46(3):407. doi:10.1111/j.1365-2672.1979.
tb00838.x 
2. Shakouri MD, Iji PA, Mikkelsen LL, Cowieson AJ. Intestinal function and gut 
microflora of broiler chickens as influenced by cereal grains and microbial 
enzyme supplementation. J Anim Physiol Anim Nutr (2009) 93(5):647–58. 
doi:10.1111/j.1439-0396.2008.00852.x 
3. McCracken V, Gaskins H. Probiotics and the immune system. In: Tannock G, 
editor. Probiotics: A Critical Review. Helsinki: Horizon Scientific Press (1999). 
p. 85–111.
4. Nurmi E, Nuotio L, Schneitz C. The competitive exclusion concept: 
development and future. Int J Food Microbiol (1992) 15(3–4):237–40. 
doi:10.1016/0168-1605(92)90054-7 
5. Beckmann L, Simon O, Vahjen W. Isolation and identification of mixed 
linked beta -glucan degrading bacteria in the intestine of broiler chickens and 
partial characterization of respective 1,3-1,4-beta -glucanase activities. J Basic 
Microbiol (2006) 46(3):175–85. doi:10.1002/jobm.200510107 
6. Qu A, Brulc JM, Wilson MK, Law BF, Theoret JR, Joens LA, et al. Comparative 
metagenomics reveals host specific metavirulomes and horizontal gene trans-
fer elements in the chicken cecum microbiome. PLoS One (2008) 3(8):e2945. 
doi:10.1371/journal.pone.0002945 
7. Dunkley KD, Dunkley CS, Njongmeta NL, Callaway TR, Hume ME, Kubena 
LF, et al. Comparison of in vitro fermentation and molecular microbial profiles 
of high-fiber feed substrates incubated with chicken cecal inocula. Poult Sci 
(2007) 86(5):801–10. doi:10.1093/ps/86.5.801 
8. van Der Wielen PW, Biesterveld S, Notermans S, Hofstra H, Urlings BA, van 
Knapen F. Role of volatile fatty acids in development of the cecal microflora in 
broiler chickens during growth. Appl Environ Microbiol (2000) 66(6):2536–40. 
doi:10.1128/AEM.66.6.2536-2540.2000 
9. Oakley BB, Lillehoj HS, Kogut MH, Kim WK, Maurer JJ, Pedroso A, et al. 
The chicken gastrointestinal microbiome. FEMS Microbiol Lett (2014) 
360(2):100–12. doi:10.1111/1574-6968.12608 
10. Videnska P, Faldynova M, Juricova H, Babak V, Sisak F, Havlickova H, et al. 
Chicken faecal microbiota and disturbances induced by single or repeated 
therapy with tetracycline and streptomycin. BMC Vet Res (2013) 9:30. 
doi:10.1186/1746-6148-9-30 
11. Zhao L, Wang G, Siegel P, He C, Wang H, Zhao W, et al. Quantitative genetic 
background of the host influences gut microbiomes in chickens. Sci Rep (2013) 
3:1163. doi:10.1038/srep01163 
12. Wei S, Morrison M, Yu Z. Bacterial census of poultry intestinal microbiome. 
Poult Sci (2013) 92(3):671–83. doi:10.3382/ps.2012-02822 
13. Stanley D, Denman SE, Hughes RJ, Geier MS, Crowley TM, Chen H, et al. 
Intestinal microbiota associated with differential feed conversion efficiency 
in chickens. Appl Microbiol Biotechnol (2012) 96(5):1361–9. doi:10.1007/
s00253-011-3847-5 
14. Zhu XY, Zhong T, Pandya Y, Joerger RD. 16S rRNA-based analysis of micro-
biota from the cecum of broiler chickens. Appl Environ Microbiol (2002) 
68(1):124–37. doi:10.1128/AEM.68.1.124-137.2002 
15. Oakley BB, Buhr RJ, Ritz CW, Kiepper BH, Berrang ME, Seal BS, et  al. 
Successional changes in the chicken cecal microbiome during 42 days of 
growth are independent of organic acid feed additives. BMC Vet Res (2014) 
10(1):282. doi:10.1186/s12917-014-0282-8 
16. Videnska P, Rahman MM, Faldynova M, Babak V, Matulova ME, Prukner-
Radovcic E, et al. Characterization of egg laying hen and broiler fecal microbi-
ota in poultry farms in Croatia, Czech Republic, Hungary and Slovenia. PLoS 
One (2014) 9(10):e110076. doi:10.1371/journal.pone.0110076 
17. Danzeisen JL, Kim HB, Isaacson RE, Tu ZJ, Johnson TJ. Modulations of the 
chicken cecal microbiome and metagenome in response to anticoccidial and 
growth promoter treatment. PLoS One (2011) 6(11):e27949. doi:10.1371/
journal.pone.0027949 
18. Sergeant MJ, Constantinidou C, Cogan TA, Bedford MR, Penn CW, Pallen 
MJ. Extensive microbial and functional diversity within the chicken cecal 
microbiome. PLoS One (2014) 9(3):e91941. doi:10.1371/journal.pone.0091941 
19. Day JM, Oakley BB, Seal BS, Zsak L. Comparative metagenomic analysis of the 
enteric viromes from sentinel birds placed on selected broiler chicken farms. 
PLoS One (2015) 10(1):e0117210. doi:10.1371/journal.pone.0117210 
20. Yeoman CJ, Chia N, Jeraldo P, Sipos M, Goldenfeld ND, White BA. The 
microbiome of the chicken gastrointestinal tract. Anim Health Res Rev (2012) 
13(1):89–99. doi:10.1017/S1466252312000138 
21. Waite D, Taylor M. Characterising the avian gut microbiota: membership, 
driving influences and potential function. Front Microbiol (2014) 5:223. 
doi:10.3389/fmicb.2014.00223 
22. Stanley D, Hughes RJ, Moore RJ. Microbiota of the chicken gastrointestinal 
tract: influence on health, productivity and disease. Appl Microbiol Biotechnol 
(2014) 98(10):4301–10. doi:10.1007/s00253-014-5646-2 
23. Sommer F, Backhed F. The gut microbiota – masters of host development 
and physiology. Nat Rev Microbiol (2013) 11(4):227–38. doi:10.1038/
nrmicro2974 
24. Bar-Shira E, Friedman A. Development and adaptations of innate immunity 
in the gastrointestinal tract of the newly hatched chick. Dev Comp Immunol 
(2006) 30(10):930–41. doi:10.1016/j.dci.2005.12.002 
25. Hill DA, Hoffmann C, Abt MC, Du Y, Kobuley D, Kirn TJ, et al. Metagenomic 
analyses reveal antibiotic-induced temporal and spatial changes in intestinal 
microbiota with associated alterations in immune cell homeostasis. Mucosal 
Immunol (2010) 3(2):148–58. doi:10.1038/mi.2009.132 
26. Crhanova M, Hradecka H, Faldynova M, Matulova M, Havlickova H, Sisak F, 
et al. Immune response of chicken gut to natural colonization by gut micro-
flora and to Salmonella enterica serovar enteritidis infection. Infect Immun 
(2011) 79(7):2755–63. doi:10.1128/IAI.01375-10 
27. Mwangi WN, Beal RK, Powers C, Wu X, Humphrey T, Watson M, et  al. 
Regional and global changes in TCRalphabeta T cell repertoires in the gut 
are. Dev Comp Immunol (2010) 34(4):406–17. doi:10.1016/j.dci.2009.11.009 
28. Van Immerseel F, De Buck J, De Smet I, Mast J, Haesebrouck F, Ducatelle R. 
Dynamics of immune cell infiltration in the caecal lamina propria of chick-
ens after neonatal infection with a Salmonella enteritidis strain. Dev Comp 
Immunol (2002) 26(4):355–64. doi:10.1016/S0145-305X(01)00084-2 
29. Council NR. Nutrient Requirements of Poultry: Ninth Revised Edition, 1994. 
Washington, DC: The National Academies Press (1994). 176 p.
30. Andrews WH, Poelma PL, Wilson CR, Romero A. Isolation and Identification of 
Salmonella, in Bacteriological Analytical Manual. Washington, DC: Association 
of Analytical Chemists (1978).
31. Swaggerty CL, Pevzner IY, Kaiser P, Kogut MH. Profiling pro-inflammatory 
cytokine and chemokine mRNA expression levels as a novel method for selec-
tion of increased innate immune responsiveness. Vet Immunol Immunopathol 
(2008) 126(1–2):35–42. doi:10.1016/j.vetimm.2008.06.005 
32. Kogut MH, Rothwell L, Kaiser P. Differential regulation of cytokine gene 
expression by avian heterophils during receptor-mediated phagocytosis of 
opsonized and nonopsonized Salmonella enteritidis. J Interferon Cytokine Res 
(2003) 23(6):319–27. doi:10.1089/107999003766628160 
33. Kaiser P, Rothwell L, Galyov EE, Barrow PA, Burnside J, Wigley P. Differential 
cytokine expression in avian cells in response to invasion by Salmonella 
typhimurium, Salmonella enteritidis and Salmonella gallinarum. Microbiology 
(2000) 146(Pt 12):3217–26. doi:10.1099/00221287-146-12-3217 
34. Oakley BB, Morales CA, Line J, Berrang ME, Meinersmann RJ, Tillman GE, 
et  al. The poultry-associated microbiome: network analysis and farm-to-
fork characterizations. PLoS One (2013) 8(2):e57190. doi:10.1371/journal.
pone.0057190 
35. Oakley BB, Morales CA, Line JE, Seal BS, Hiett KL. Application of high- 
throughput sequencing to measure the performance of commonly used selec-
tive cultivation methods for the foodborne pathogen Campylobacter. FEMS 
Microbiol Ecol (2012) 79(2):327–36. doi:10.1111/j.1574-6941.2011.01219.x 
36. Blankenberg D, Gordon A, Von Kuster G, Coraor N, Taylor J, Nekrutenko 
A, et  al. Manipulation of FASTQ data with galaxy. Bioinformatics (2010) 
26(14):1783–5. doi:10.1093/bioinformatics/btq281 
37. Oakley BB, Carbonero F, Dowd SE, Hawkins RJ, Purdy KJ. Contrasting 
patterns of niche partitioning between two anaerobic terminal oxidizers of 
organic matter. ISME J (2012) 6(5):905–14. doi:10.1038/ismej.2011.165 
38. Schloss PD, Gevers D, Westcott SL. Reducing the effects of PCR amplifica-
tion and sequencing artifacts on 16S rRNA-based studies. PLoS One (2011) 
6(12):e27310. doi:10.1371/journal.pone.0027310 
39. Edgar RC. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics (2010) 26(19):2460–1. doi:10.1093/bioinformatics/btq461 
40. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. 
Introducing mothur: open-source, platform-independent, community- 
February 2016 | Volume 3 | Article 1112
Oakley and Kogut Cecal Microbiome Cytokine Correlations
Frontiers in Veterinary Science | www.frontiersin.org
supported software for describing and comparing microbial communities. 
Appl Environ Microbiol (2009) 75(23):7537–41. doi:10.1128/AEM.01541-09 
41. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid 
assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ 
Microbiol (2007) 73(16):5261–7. doi:10.1128/AEM.00062-07 
42. Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, et al. SILVA: 
a comprehensive online resource for quality checked and aligned ribo-
somal RNA sequence data compatible with ARB. Nucleic Acids Res (2007) 
35(21):7188–96. doi:10.1093/nar/gkm864 
43. Shannon CE. A mathematical theory of communication. Bell Syst Tech J (1948) 
27:379–423. doi:10.1002/j.1538-7305.1948.tb00917.x 
44. R Development Core Team. R: A Language and Environment for Statistical 
Computing. Vienna: R Foundation for Statistical Computing (2013).
45. Oksanen J, Blanchet FG, Kindt R, Legendre P, O’Hara RB, Simpson GL, et al. 
Vegan: Community Ecology Package. Helsinki: R package version (2010). p. 
17–14.
46. McArdle BH, Anderson MJ. Fitting multivariate models to community data: 
a comment on distance-based redundancy analysis. Ecology (2001) 82:290–7. 
doi:10.1890/0012-9658(2001)082[0290:FMMTCD]2.0.CO;2 
47. Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing 
microbial communities. Appl Environ Microbiol (2005) 71(12):8228–35. 
doi:10.1128/AEM.71.12.8228-8235.2005 
48. Garner MR, Flint JF, Russell JB. Allisonella histaminiformans gen. nov., sp. 
nov. A novel bacterium that produces histamine, utilizes histidine as its sole 
energy source, and could play a role in bovine and equine laminitis. Syst Appl 
Microbiol (2002) 25(4):498–506. doi:10.1078/07232020260517625 
49. Mondot S, Kang S, Furet JP, Aguirre de Carcer D, McSweeney C, Morrison M, 
et al. Highlighting new phylogenetic specificities of Crohn’s disease microbi-
ota. Inflamm Bowel Dis (2011) 17(1):185–92. doi:10.1002/ibd.21436 
50. Lam YY, Ha CW, Campbell CR, Mitchell AJ, Dinudom A, Oscarsson J, et al. 
Increased gut permeability and microbiota change associate with mesenteric 
fat inflammation and metabolic dysfunction in diet-induced obese mice. PLoS 
One (2012) 7(3):e34233. doi:10.1371/journal.pone.0034233 
51. Lund M, Bjerrum L, Pedersen K. Quantification of Faecalibacterium praus-
nitzii- and Subdoligranulum variabile-like bacteria in the cecum of chickens 
by real-time PCR. Poult Sci (2010) 89(6):1217–24. doi:10.3382/ps.2010-00653 
52. Ensminger ME. Poultry Science. 1st ed. Danville, IL: The Interstate Printers 
and Publishers, Inc (1971). 276 p.
53. Soo RM, Woodcroft BJ, Parks DH, Tyson GW, Hugenholtz P. Back from 
the dead; the curious tale of the predatory cyanobacterium Vampirovibrio 
chlorellavorus. PeerJ (2015) 3:e968. doi:10.7717/peerj.968 
54. Han XY, Andrade RA. Brevundimonas diminuta infections and its resistance to 
fluoroquinolones. J Antimicrob Chemother (2005) 55(6):853–9. doi:10.1093/jac/
dki139 
55. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG, 
Gratadoux JJ, et  al. Faecalibacterium prausnitzii is an anti-inflammatory 
commensal bacterium identified by gut microbiota analysis of Crohn disease 
patients. Proc Natl Acad Sci U S A (2008) 105(43):16731–6. doi:10.1073/
pnas.0804812105 
56. Ivanov II, Honda K. Intestinal commensal microbes as immune modulators. 
Cell Host Microbe (2012) 12(4):496–508. doi:10.1016/j.chom.2012.09.009 
57. Russell SL, Gold MJ, Hartmann M, Willing BP, Thorson L, Wlodarska M, 
et  al. Early life antibiotic-driven changes in microbiota enhance suscep-
tibility to allergic asthma. EMBO Rep (2012) 13(5):440–7. doi:10.1038/
embor.2012.32 
58. Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et  al. 
Induction of colonic regulatory T cells by indigenous Clostridium species. 
Science (2011) 331(6015):337–41. doi:10.1126/science.1198469 
59. Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development 
by a commensal bacterium of the intestinal microbiota. Proc Natl Acad Sci U 
S A (2010) 107(27):12204–9. doi:10.1073/pnas.0909122107 
60. Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang Y, Kas A, et al. CD4+ 
regulatory T cells control TH17 responses in a Stat3-dependent manner. 
Science (2009) 326(5955):986–91. doi:10.1126/science.1172702 
61. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory 
molecule of symbiotic bacteria directs maturation of the host immune system. 
Cell (2005) 122(1):107–18. doi:10.1016/j.cell.2005.05.007 
62. Singh KM, Shah TM, Reddy B, Deshpande S, Rank DN, Joshi CG. Taxonomic 
and gene-centric metagenomics of the fecal microbiome of low and high 
feed conversion ratio (FCR) broilers. J Appl Genet (2014) 55(1):145–54. 
doi:10.1007/s13353-013-0179-4 
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.
Copyright © 2016 Oakley and Kogut. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms.
